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Frédéric Lachaud1 and Joseph Morlier1
Abstract
Piezoelectric sensors are widely used for structure health monitoring technique. In particular, electromechanical impe-
dance techniques give simple and low-cost solutions for detecting damage in composite structures. The purpose of the
method proposed in this article is to generate a damage localization map based on both indicators computed from elec-
tromechanical impedance spectrums and inverse distance weighting interpolation. The weights for the interpolation have
a physical sense and are computed according to an exponential law of the measured attenuation of acoustic waves. One
of the main advantages of the method, so-called data-driven method, is that only experimental data are used as inputs
for our algorithm. It does not rely on any model. The proposed method has been validated on both one-dimensional
and two-dimensional composite structures.
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Introduction
Structural health monitoring (SHM) is an emerging
technology, dealing with the development and imple-
mentation of techniques and systems where monitor-
ing, inspection and damage detection become an
integral part of structures. It further merges with a vari-
ety of techniques that will provide information about
the condition of a structure in terms of reliability and
safety before the damage threatens the integrity of the
structure.1,2 In the paradigm of SHM, five major steps
exist: (a) detection of damage in a structure, (b) locali-
zation of damage, (c) damage identification, (d) quanti-
fication of damage severity, and (e) prognostic of
remaining service life of the structure.3 SHM systems
can be tuned to monitor damage such as fatigue cracks,
corrosion, delamination, loose bolts, or impact damage
either in real time or on demand. For aeronautical
structures, a field where this problem has been quite
studied, the components have to resist low-energy
impacts caused by dropped tools, mishandling during
assembly, and maintenance and in-service impacts by
foreign objects such as stones or birds. In these impacts
of relative low energy, a small indentation is often
referred to as barely visible impact damage (BVID).
Although not visually apparent, low-energy impact
damage is found to be quite detrimental to the load
carrying capabilities of composite structures, under-
scoring the need of reliable damage detection tech-
niques for composite structures.4–6 When visual
inspection is needed, structural components can be
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extracted for maintenance. Successful nondestructive
testing (NDT) techniques such as radiographic detec-
tion (X-ray) and ultrasound testing (C-Scan) exist but
are impractical and/or expensive for large components
and integrated vehicles. The major advantage of SHM
techniques is their online implementation and their
mixed global/local approach (network of sensors).
A promising technique, namely, vibration-based
structural health monitoring (VBSHM), has been pro-
posed to address the problem of globally detecting,
characterizing, and, to a certain extent, localizing dam-
age based on changes of modal parameters of a struc-
ture in operation.7,8 Any structure can be considered as
a dynamic system with stiffness, mass, and damping.
Once some damage emerges in the structures, the struc-
tural parameters will change, and the frequency
response functions (FRFs) and modal parameters of
the structural system will also change. This change of
modal parameters can be taken as the signal of early dam-
age occurrence in the structural system and especially in
composite structures.9 Recently, some authors10,11 evalu-
ated experimentally the modal parameter changes due to
impacts for several energies of impact. They also demon-
strated the sensibility of damping changes to detect dela-
mination in composite structures. Montalvao et al.12 have
succeeded in creating damage localization maps, using
three-dimensional (3D) laser vibrometer and an indicator
containing information on damping changes and local
stress field changes. Friedel et al.13 proposed a detailed
numerical model including the damage pattern obtained
from X-ray computed tomographic images. They demon-
strated that most of the frequency changes can be
explained by one type of damage (delamination) and thus
linked the total delamination surface with the absorbed
impact energy (affine relation). They built a homogenized
damage model, including two damage factors, that allows
predicting the change of natural frequencies for a known
damage size.
An important research community tries to use local
modal parameters such as high-resolution mode shapes
(or derived data) to localize damage using wavelet anal-
ysis14–20 or image processing.21 Finally, another wide-
spread trend is to use, instead of vibration data, high-
frequency waves called Lamb waves. Piezoelectric wafer
active transducers are used to generate and receive
guided Lamb waves propagating in the structure. In the
study by Yu and Giurgiutiu,22 a virtual beam steering
method and device used as embedded ultrasonic struc-
tural radar was implemented as a signal post-processing
procedure. The arrays of piezoelectric transducers (lead
zirconate titanate (PZT)) yielded good directionality
within the full range of 360 and were able to detect
damage anywhere in the entire plate. Ostachowicz et
al.23 also used elastic wave propagation phenomenon
from two PZTs for damage detection and localization.
As a result of processing of the signals registered from
the structure, special maps that indicated damage loca-
tion on aluminum and composite plates were built.
They extended their effort in the study by Malinowski
et al.24 and developed a triangular piezoelectric config-
uration and an algorithm that transfers information
from the time domain to the spatial domain to localize
damage on anisotropic material plate.
Classical SHM methods use model-driven data; it
means that high-quality models for both undamaged
(UD) (baseline) and damaged cases (delamination,
crack, etc.) are required. Then, the damage is identified
from a metric corresponding to the distance between
experimental and numerical data (FRF), natural fre-
quencies, mode shapes, etc.).25–27 The localization prob-
lem can be viewed as an inverse problem often solved
using optimization and model updating process28–32 to
minimize the error between experimental and numerical
data.
In this article, our approach is mostly experimental.
The purpose of our work is based on the following
industrial needs:
 Low-cost instrumentation and easy connection;
 Simple criteria for detecting damage;
 Reliable visualization of damage location through
signal processing.
To achieve the first point, especially for real-size
industrial structures, SHM community often employs
smart materials. In particular, the electromechanical
impedance (EMI)-based SHM technique possesses dis-
tinct advantages such as the ability to detect incipient
damage, use of nonintrusive piezoelectric transducers,
and potentially low-cost applications.33–39 A simple
method to measure EMIs is the use of an impedance
analyzer that allows you to receive information about
many electrical quantities (e.g. voltage/current charac-
teristics) as a function of the frequency. In this article,
our low-cost SHM system consists of few PZTs (three
PZTs for triangulation) that are bonded to the struc-
ture and can be plugged to the data acquisition hard-
ware on demand.
For the second point, damage indicators (DIs)
derived from the measured EMI are classically used to
provide information about damage detection.39 The
earliest works on the EMI method are those published
by Liang et al. in two articles.40,41 The first article pre-
sents a coupled electromechanical analysis of piezoelec-
tric ceramic (PZT) actuators integrated in mechanical
systems to determine the actuator power consumption
and energy transfer in the electromechanical systems.
The second article presents the essence of the method
with usage of model of piezoelectric transducer bonded
to 2-degree-of-freedom structure.
To achieve the last point and to get reliable localiza-
tion maps, the analysis of DIs based on EMI is more
difficult than the detection. In this article, our original
method is based on acoustic wave attenuation and
relies on the hypothesis that the interaction between
the damaged zone and the sensor depends on the dis-
tance between them. Inverse distance weighting (IDW)
interpolation will be used to express this hypothesis.
EMI for damage detection
Basics of EMI
The mechanical impedance of a structure, at the force
application point, is defined as the ratio of the driving
harmonic force to the resulting harmonic velocity at
the same point. Thus, the mechanical impedance can
be expressed as36,42,43
Z = R + jX =
F
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where Z is the mechanical impedance, R is the resis-
tance, X is the reactance, F is the force, F0 is the initial
force magnitude, n is the velocity, v0 is the initial velo-
city, ; is the phase delay, and v is the angular
frequency.
A continuous structure (such as plate or beam) can
be considered as a mass–spring–damper system. Thus,
the equivalent mechanical impedance is given by
Zeq =
cm2v2
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Damage in laminated composites (delamination due
to impact, etc) causes locally an increase in damping
and a decrease in stiffness.7–10 These changes induce a
shift in the mechanical impedance. Figure 1 illustrates
the effects of these changes on the mechanical impe-
dance spectrum. Figure 1(a) gives an example of real
and imaginary parts of a system with three values of
the damping coefficient (c, 2c, and 4c). Figure 1(b) gives
the real and imaginary parts of a system with three val-
ues of the stiffness (k, 0.98k, and 0.95k).
In recent years, the damage detection methods based
on the EMI that is a function of the mechanical impe-
dance of a structure have gained increased attention.
The methods use small-size piezoelectric transducers
intimately bonded to the structure under study. The
measured EMI with a piezoelectric transducer is the
result of a coupling between the transducer and the
structure (Figure 2).
The EMI methods are mostly effective at ultrasonic
frequencies, and they properly capture the changes in
Figure 1. Simple damage model (related to pole shift): (a) example of real and imaginary parts of mechanical impedance versus
frequency (a) for an increase in damping coefficients (c, 2c, and 4c) and (b) for a decrease in stiffness (k, 0.98k, and 0.95k).
local dynamics due to incipient structural damage. In
complex large structures, such changes are too small to
affect the global dynamic behavior of the structure and
hence cannot be readily detected by conventional low-
frequency vibration methods. Experimental demonstra-
tions have shown that the real part of the high-
frequency impedance spectrum is directly affected by
the presence of damage or defects in the monitored
structure.42 Besides, a usual bandwidth for thin compo-
site structures is 10–20 kHz.
For detecting damage, the variations of modal para-
meters have to be estimated with accuracy from the
measurement of the EMI. The reliability of the estima-
tion of modal parameters is strongly dependent on sev-
eral parameters: the sampling frequency, the modal
density in the selected bandwidth and also the level of
the internal (structural) damping. The real part of the
measured impedance is classically used in damage
detection because of the simplicity of the process of
peak detection.
Damage metrics
The development of suitable damage metrics and dam-
age identification algorithms remains an open question
in the practical application of EMI technique. The dam-
age index compares the amplitudes of the two spec-
trums (damaged vs UD) and assigns a scalar value that
serves as a metric for the damage analysis in the struc-
ture.27 In this article, two variation indices (so-called
damage features in pattern recognition) are used. The
first one is the root mean square deviation (RMSD)
and the second is the mean frequency shift of modal
peaks (Dfmean).
The RMSD is defined as
RMSD %ð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
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where Real(ZUD) is the real part of impedance for the
UD structure, Real(ZD) is the real part of impedance for
the damaged structure, and N is the number of samples.
The mean frequency shift is defined as
Dfmean %ð Þ=
PN
n = 1
p f Dn  f UDn
 f UDn
Npks
3100% ð4Þ
where f UDn is the modal frequency of the UD structure
for the mode n, f Dn is the modal frequency of the dam-
aged structure for the mode n, and Npks is the number
of modal peaks in the studied frequency band.
These two variation indices can be used for damage
detection by comparing their values to thresholds that
are significant of damage presence. These thresholds
have to be determined experimentally for each structure
under study. In this article, we propose to use these
indices in a damage localization process by propagating
the local information extracted from each sensor to
obtain a map of damage.
Damage localization map using acoustic
wave attenuation
Acoustic attenuation
Acoustic attenuation is a measure of the energy loss of
sound propagation in media and depends on several phe-
nomena (diffraction, reflection, diffusion, and absorption).
For laminated materials and unidirectional composite
materials, acoustic wave propagation is strongly depen-
dent on fiber spacing and orientation.44 The technique for
measuring the acoustic attenuation coefficient is to evalu-
ate the ratio between incident and transmitted wave levels
with an exponential decrease in wave energy44
at
a0
= em vð Þx
so
m vð Þ=  ln at=a0ð Þ
x
ð5Þ
where m(v) is the acoustic attenuation coefficient func-
tion of the considered frequency, a0 is the initial level of
generated signal (incident wave), and at is the received
signal after propagation at distance x (transmitted wave).
The coefficient used in the next part will be computed
from the mean of five measured values. We also observed
that for thin composite structures, this coefficient is
strongly dependent on the first layer’s orientation.
Damage localization map through acoustic
attenuation
The main purpose of this article is to construct ‘‘dam-
age localization maps’’ using few piezoelectric
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Figure 2. Schematic representation of piezoelectric actuator
mounted on an unknown structure.
PZT: lead zirconate titanate.
transducers. For example, for a two-dimensional (2D)
structure like a plate, three transducers with unsymme-
trical position are used to localize damage in the xy
plane (Figure 3) using the principle of triangulation,
which is a method of determining the position of an
object by measuring its distance from other objects with
known locations. In large structures, the boundary con-
ditions introduce sudden changes in wave propagation,
and the method requires to consider the structures as
an assembly of several elementary substructures that
will all be instrumented. For example, in an aeronauti-
cal fuselage, every stiffened panel (or set of panels
depending on the accuracy of the damage localization
process) is a substructure and needs to be instrumented
by three PZTs for triangulation.
Classical triangulation can be conducted on time
series for guided waves45,46 or Lamb waves47,48 using
signal processing tools to enhance the damage map and
avoid false damage. The proposed method is based on
an enhanced triangulation based on EMI spectrums and
weighted DIs. It is inspired from classical IDW interpo-
lation for 2D surface reconstruction of scatter points.
IDW methods are based on the assumption that the
interpolating surface should be influenced most by the
nearby points and less by the more distant points. In the
next chapter, our results from online (SHM) methods
are compared to those of off-line (NDT) methods in
order to prove the accuracy of our SHM-based method.
The proposed method for the construction of damage
localization maps can be divided into four steps. Steps 1
and 2 are preliminary steps that are performed once
before monitoring. Step 3 is performed continuously.
Step 4 is performed only if damage is detected in step 3.
Step 1: instrumentation. Depending on the size of struc-
tures, PZT transducers must be chosen large enough in
order to give ‘‘good’’ EMI spectrums, that is to say with
several modal peaks. They must be bonded with a rigid
glue to get a good electromechanical coupling between
the transducers and the structure. At least, they must
also be bonded to optimal placements that result from
a trade-off between requirements for triangulation and
EMI measurements.
Step 2: map construction (meshing) using IDW for each piezo-
electric transducer. The structure under study is meshed.
Obviously, the precision of localization is directly
dependent on the mesh size. Each mesh has at least the
piezoelectric transducer size.
PZT 1 PZT 3
PZT 2
Feature (Δ mean or RMSD) PZT3
Feature (Δ mean or RMSD) PZT2
Feature (Δ mean or RMSD) PZT1 weight(x,y)
weight(x,y)
weight(x,y)
Figure 3. 2D map reconstruction (so-called DI) using the propagation of the three measurements (green points in NDT results).
The red area is the SHM damage localization, overlaid of the NDT results (green zone in the center of the plate).
NDT: nondestructive testing; 2D: two-dimensional; DI: damage indicator; SHM: structural health monitoring; RMSD: root mean square deviation;
PZT: lead zirconate titanate.
Then, for each transducer denoted as i, every mesh j
is weighted by acoustic attenuation Aij defined by
Aij = e
m vð Þxij ð6Þ
where xij is the distance between the transducer i and
the center of each mesh j. Like in IDW methods, the
acoustic attenuation is such that it decreases as the dis-
tance between the transducer and each scatter point
increases.
This method enables to generate weighted maps with
a ‘‘physical’’ sense. There are as many weighted maps as
transducers.
Step 3: EMI measurements and damage metrics. EMI mea-
surements should be performed regularly for monitor-
ing. In this article, two EMI spectrums are measured
for pre and post impact. Then, we can obtain RMSD
and Dfmean indices for each transducer using equations
(3) and (4). These indices are then compared to thresh-
olds to determine if damage occurs. If yes, a damage
localization map is built using step 4 of the method.
Step 4: damage localization map computing. The DIs are
computed using IDW interpolation and by taking the
inverse in order to get a high value of the indicator in
the damaged zone. For each mesh j, the DI based on
RMSD index is computed by
DIj(RMSD) =
Xa
i = 1
RMSDi
Aij
	 
" #1
ð7Þ
and the DI based on Dfmean index is computed by
DIj(Dfmean) =
Xa
i = 1
Dfmean, i
Aij
	 
" #1
ð8Þ
where a is the number of transducers. For one-
dimensional (1D) structures, the number of transducers
is at least 2, and for 2D structures, it is at least 3.
Plotting the values of a DI for each mesh then gives
one damage location map that enables to evaluate the
damage position on the structure.
Map examples
Figure 4 gives an example of mesh of a 1D structure
(Figure 4(a)) and of mesh using IDW interpolation for
a sensor located at one extremity (Figure 4(b)).
Figure 4. Example of a 1D isotropic structure: (a) mesh in distance and (b) mesh with IDW interpolation computed by the
exponential attenuation law for m = 40e24 mm21.
1D: one-dimensional; IDW: inverse distance weighting; PZT: lead zirconate titanate.
For 2D structures like thin plates, the same concept
is carried out in two dimensions. Figure 5 gives an
example of mesh of a 2D isotropic plate (Figure 5(a))
and of mesh using IDW interpolation with the same
attenuation coefficient in any direction for a sensor
located at one extremity.
When the plates are made with unidirectional com-
posite, the mean attenuation must be measured both in
fiber direction and in direction transverse to the fibers.
Figure 6 gives an example of mesh with IDW interpola-
tion for a thin plate with a mean attenuation equal to
2.8e23 m21 in the fiber direction and to 10e23 m21 in
the direction transverse to the fibers. The maps are
computed for each transducer (three in the studied
case) with these coefficients and for a first ply orienta-
tion of 45.
Finally, Figure 7 gives an example of damage locali-
zation map. The map is interpolated at higher resolu-
tion (38) for a better visualization (Figure 7(a)). Then,
only the zone with the highest probability is plotted to
get a single dot and a clear position of damage (Figure
7(b)).
Experimental validation
Case 1: 1D structure (stiffener)
The 1D structure is a composite stiffener of an aircraft
door (clamped at the extremities). It has the shape of
an I-beam of mean dimensions 66 3 89 3 1045 mm.
The beam web is composed of 16 plies of carbon/epoxy
plus a peel ply of tissue (considered as equal to isotropic
behavior). Two piezoelectric composite patches of type
DuraAct (PI ceramics PIC255) of dimensions 50 3
30 3 0.5 mm are glued on to the beam web near each
extremity of the beam with a structural glue of type 3M
DP460 (Figure 8).
A drop test machine is able to create an impact on a
specimen with controlled measurements of the impact
head (velocity and force) (Figure 9(a)). The chosen tar-
get energy is 35 J for each impact because it corre-
sponds to the energy level for which the damage
becomes significant but still remains a BVID. Resulting
energy is computed from the measured velocity and the
mass. Impact data are presented in Table 1. To test the
proposed method of impact location, two positions of
Figure 5. Example of a 2D isotropic structure: (a) mesh in distance and (b) mesh with IDW interpolation computed by the
exponential attenuation law for m = 10e23 mm21 in all directions.
2D: two-dimensional; IDW: inverse distance weighting; PZT: lead zirconate titanate.
Figure 6. Example of a 2D anisotropic structure—visualization of mesh with IDW interpolation for (a) transducer no. 1, (b)
transducer no. 2, and (c) transducer no. 3.
2D: two-dimensional; IDW: inverse distance weighting.
Figure 9. (a) Drop test machine, (b) location of the impacts on the composite stiffener, and (c) example of typical damage.
Figure 7. Example of damage localization map for a composite plate (damage located on the top center): (a) Raw DI and (b)
processed DI using a threshold that limits the map to higher probability.
DI: damage indicator.
Figure 8. Instrumented composite stiffener, two DuraAct piezoelectric patches are bonded at the extremities (red zones).
damage between the two transducers are investigated
one after the other. Impacts are located on the flange
of the beam (Figure 9(b)), and an example of damage is
shown in Figure 9(c).
The stiffener web is meshed in equal parts (11 meshes
of 95 mm length and 89 mm height). Preliminary tests
demonstrate that the best EMI response (i.e. with
detectable peaks) is between 8 and 16 kHz for the stif-
fener. In the beam web, the acoustic attenuation is mea-
sured in this frequency band, and the mean value of
acoustic attenuation coefficient is 4e23 m21. Then, two
maps, one for each transducer, can be computed with
IDW interpolation and plotted (Figure 10).
Before and after damage generation, the real part
of the EMI is measured (Figure 11). Dfmean and
RMSD indices are computed from EMI signatures.
The variations of indices are presented in Table 2.
Classically, indices for damage no. 2 are computed
while considering the state with the first damage as
the UD state (D1 replaces UD in equations (3) and
(4) as reference).
In Figure 12(a) and (b), the probability of damage is
plotted for RMSD. In Figure 12(c) and (d), the results
for Dfmean are highlighted. For the first damage, the
location predicted by the RMSD index is good since the
high-probability zone indicates the real zone of impact.
Figure 11. Experimental EMI signatures (between 8 and 16 kHz) for the two transducers on the studied stiffener for UD and
damaged cases after a first impact energy of 35 J (D1 = 35 J) and after a second impact energy of 35 J (D2 = 35 J).
UD: undamaged; EMI: electromechanical impedance.
Figure 10. Visualization of mesh with IDW interpolation computed by the exponential attenuation law for m = 4e23 m21 (a) for
transducer no. 1 and (b) for transducer no. 2 in the stiffener case.
IDW: inverse distance weighting.
Table 1. Impact data for the composite stiffener.
Maximum force (kN) Mass (kg) Velocity (m/s) Target energy (J) Resulting energy (J)
Impact no. 1 14.5 4 4.25 35 36.2
Impact no. 2 16.8 4 4.3 35 36.9
For the second damage, the predicted location is less
accurate. In comparison, the location predicted by the
Dfmean index is excellent for every impact.
Case 2: 2D structure (thin composite plates)
Six plates of dimensions 290 3 200 3 3 mm and com-
posed of 12 plies of carbon/epoxy prepreg T700M21
with a stratification [45/-45/0/90/0/90]S for a total thick-
ness of 3 mm are investigated in peripheral clamped con-
figuration (Figure 13). Three PI PZT piezoelectric
ceramics of type PIC151 of dimensions 10 3 10 3 0.5
mm are bonded with structural glue type EPO-TEK
E4110 on each plate as shown in Figure 12.
In this part, six positions of damage are investigated.
The chosen target energy is 20 J for each impact, and
resulting energy is computed from the measured velo-
city and force. Impact data are presented in Table 3. In
parallel, nondestructive tests (Ultrasonic control C-
scans) are carried out to determine the exact position
of every impact.
The structure is regularly meshed: 24 meshes of 48
mm length and 50 mm height. Preliminary tests show
that the most sensitive EMI signatures are established
Figure 12. Damage localization maps for the two successive impacts (real in blue circle) for (a, b) RMSD index and for (c, d) Dfmean
index.
Figure 13. Three piezoelectric transducers bonded to a
composite plate in clamped configuration.
Table 2. RMSD and Dfmean indices for the composite stiffener and for the two transducers (pzt1 and pzt2).
RMSDpzt1 (%) RMSDpzt2 (%) Dfmeanpzt1 (%) Dfmeanpzt2 (%)
Damage no. 1 3.600 8.800 0.180 0.250
Damage no. 2 11.100 11.200 1.210 0.190
RMSD: root mean square deviation.
for the bandwidth 10–20 kHz. The plates have aniso-
tropic behavior, and the mean attenuation must be
measured both in fiber direction and in a direction
transverse to the fibers. The maps with IDW interpola-
tion computed for each transducer correspond to the
ones given as example in Figure 6.
Figure 14. Example of EMI signatures (between 10 and 20 kHz) for the three piezoelectric transducers on the plate no. 1 for UD
and damaged cases after an impact energy of 20 J (D = 20 J).
UD: undamaged; EMI: electromechanical impedance.
Table 3. Impact data for all tested composite plates.
Maximum force (N) Mass (kg) Velocity (m/s) Target energy (J) Resulted energy (J)
Plate no. 1 6378.47 2.368 4.100 20 19.90
Plate no. 2 6067.33 2.368 4.095 20 19.85
Plate no. 3 6596.27 2.368 4.118 20 20.08
Plate no. 4 5989.54 2.368 4.095 20 19.85
Plate no. 5 5787.3 2.368 4.010 20 19.00
Plate no. 6 6036.9 2.368 3.996 20 18.90
The real part of the EMI is then measured on every
transducer (before and after impact). An example of
the EMI signature for plate no. 1 is given in Figure 14.
Using all EMI signatures, Dfmean and RMSD indices
can be computed for every plate (Tables 4 and 5).
The damage localization maps are finally computed
for both variation indices. The maps in Figures 15 and
16 are overlaid for comparison with the Ultrasonic con-
trol C-scans. Both indices permit to give a good estima-
tion of damage localization. Maximal errors are less
than the damage size (typically around 20 mm), but in
this case, RMSD is more reliable.
Conclusion
The proposed method permits to detect and localize a
single isolated damage in composite structures.
Piezoelectric transducers bonded to the structure enable
to measure EMIs. The purpose of the method in this
article is to generate a damage localization map based
on both indicators computed from EMI spectrums and
IDW interpolation. The weights for the interpolation
have a physical sense and are computed according to
an exponential law of the measured attenuation of
acoustic waves. One of the main advantages of our
Figure 15. Damage localization maps (Dfmean index) overlaid on Ultrasonic C-scan maps for plate nos 1–6. The DI results (red
zone) are compared to NDT test (green zone).
NDT: nondestructive testing; DI: damage indicator.
Table 5. Dfmean indices for all tested plates and for every PZT.
Df Plate no. 1 Plate no. 2 Plate no. 3 Plate no. 4 Plate no. 5 Plate no. 6
PZT1 0.34% 0.20% 0.09% 0.36% 0.69% 0.33%
PZT2 0.38% 0.22% 0.12% 0.33% 0.65% 0.50%
PZT3 0.34% 0.21% 0.12% 0.43% 0.82% 0.51%
PZT: lead zirconate titanate.
Table 4. RMSD indices for all tested plates and for every PZT.
RMSD Plate no. 1 Plate no. 2 Plate no. 3 Plate no. 4 Plate no. 5 Plate no. 6
PZT1 12.99% 8.46% 4.66% 10.15% 14.71% 8.33%
PZT2 13.50% 7.34% 4.35% 11.20% 13.96% 13.51%
PZT3 15.34% 3.93% 10.36% 10.32% 17.76% 12.28%
RMSD: root mean square deviation; PZT: lead zirconate titanate.
method, so-called data-driven method, is that only
experimental data are used as inputs for our algo-
rithms. It does not rely on any model. The proposed
method has been validated in both 1D and 2D compo-
site structures. Future works will consist in evaluating
damage severity through an updating process based on
gradient optimization. These works will naturally lead
to a comparison of our data-driven method to model-
driven method based on high-fidelity finite element
(FE) models and supervised learning (probabilistic
neural networks (PNN)). Other perspectives to improve
the method are to consider more than three transducers
for each substructure in order to carry out several dam-
age localization analyses with sets of three transducers
and then to compare the results of each set to avoid
false damage detection and to increase the reliability.
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